Final Report on DSN Telemetry System Performance With
Convolutionally Coded Data: Maximum Likelihood Decoding

B. Benjauthrit
DSN Systems Engineering Office

This report finalizes the analysis of DSN telemetry system performance based
on the convolutionally coded data for the short constraint length 7:% codes at
low-bit rates, 8 to 2048 bits per second, obtained from CTA 21 for the block 111
type, S-band configuration. The results indicate that a loss of one or more decibels
in the system performance may be expected due to system degradation. Also, burst
error lengths up to 100 bits may not be unusual in actual operational situations.

l. Introduction

This is a final report on DSN telemetry system perfor-
mance with the convolutionally coded data obtained from
the Compatibility Test Area (CTA 21) during the 1975
calendar year (Ref. 1). The report focuses on the test
results analyzed for the short constraint length 7:% codes
to be employed by outer-planet Mariner spacecraft such
as the Mariner Jupiter-Saturn (M]JS). Analysis of the
telemetry system for the long constraint length 32:%
codes is presented scparately elsewhere in this issue of the
DSN Progress Report (Ref. 2). The tests cover bit rates
ranging from 8 to 2048 bits per second (b/s) and modula-
tion indexes (MI) from 37.2 to 75 deg.

To obtain the performance characteristics, a stream of

fixed, known symbol pattern that can be decoded by both
the Pioneer 32:% and MJS 7:% decoders, generated by the

112

Simulation Conversion Assembly (SCA), was modulated
on the subcarrier and passed to the test transmitter, where
the carrier was modulated (See Fig. 1a). The microwave
cquipment (UWYV) routed the transmitted carrier to the
recciver (RCVR), where a Y-factor was used to calibrate
the input signal-to-noise ratio (Ref. 3). The symbol stream
was demodulated in the Subcarrier Demodulator Assem-
bly (SDA) and sent to the Symbol Synchronizer Assembly
(SSA) for synchronization and quantization. The eight-bit
A-D conversion of each symbol was recorded on mag-
netic tape by the Telemetry & Command Processor (TCP)
in octal. On the UNIVAC 1108, the octal symbols were
converted to FIELDATA characters before they were
preprocessed to three-bit symbols (See Fig. 1b). The
three-bit symbols were then processed and analyzed by
the Viterbi Decoding Program (Ref. 4) to provide the final
results for this report.
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Il. Methodology and Analysis

DSN telemetry system performance may be described
in terms of bit signal-to-noise ratio (E;/N,), bit error rate
(BER), or bit error probability (BEP), and bit error dis-
tribution. To obtain such parameters, the corrupted eight-
bit symbols recorded on magnetic tape are converted to
three-bit symbols, which are acceptable by the Viterbi
Decoding Program that was designed to simulate as
closely as possible the actual JPL. Maximum Likelihood
Convolutional Decoder (MCD). The program decodes the
symbols and compares the result with the original data
bits.

To reduce the amount of the decoded bits to a size that
can be handled, the decoded bits and the original data
bits are exclusive-ored and packed into a sequence of
integers:*

t{-{ - (gl’g‘b T ’g">

where each g; is the count of good bits (it will be
referred to here as an error-free run, EFR), and n is the
total number of EFRs for the test. In this notation, two
consecutive errors occur when g; equals zero. For ex-
ample, the sequence (2,5,1,7,0,1,3) represents the event
(0010000010100000001101000), where each 1 designates
an crror and each 0 designates a good bit. Since the de-
coded data stream ends with or without an error, this end
bit will not be considered.

Now, if E is the total number of errors, then
E=n-1

Representing the total number of good bits by G, we have

G = Zl g,'
Hence, the total number of decoded bits, D, for the test is
D=G+E

Next, if we denote an integer guardspace by g,, a burst
of bit errors is defined as a subsequence of g whose ele-
ments assume values less than g,. That is, the EFR
sequence of a burst b is of the form:

gi,b,gm

lAn alternate way which was employed in Ref. 2 is to produce a
sequence of integers (k k,, --- k,), where k; is the number of
consecutive good bits if i is even, otherwise k; is the number of
consecutive bad bits.
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where

gZi.8ivk = gs

and

b = (gi+1)gi+27 ’gi+k—1)
gi<gfori+1=j<i+k—1

The total number of errors in b, ¢, is then
e=(i+k —i=k

The total number of good bits contained in b, 3, is

8= Egi—w
in
and the total number of bits in b, burst length, is
€-+8
In general, g is of the form:
g = (8.hugoby, - Dusgn)

where g; = g, and cach b; contains g < g.. The average
burst length of the sequence g is

by byt

+ b,
bave =
m

and the average number of errors within a burst is

€+ et o
m

+ €n

€ave =

where €; is the number of errors within the ith burst.
Note that the burst definition given above also includes
isolated bit errors. However, the results described in
Section IV do not consider isolated errors as bursts.

Now for an EFR r;, let f; denote its frequency of occur-
rence, ¢; denote its cumulative number of f;, and p;
denote its cumulative probability of ¢;. Then,

(FoTo, e, Th)

(fufo - fr-sfr)

(CI,C‘z, ,Ck-l,Ck)
(P1,P2 " Pr-1,Pr)
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are defined by
Cr = froCror = op F frenCi = € i, 00 = ¢+
and
Pi = e/ Cope oy = aea/enp = cifey, s pr = e/

where r; are sorted as r, < r, < -+ < r, and k is the total
number of distinct EFRs. The cumulative probability p,
is the probability that an EFR 7, is being exceeded; it is
a sample distribution function of EFRs or, for short, an
EFR sample distribution.

lll. Viterbi Decoding Performance of
Memory Path Lengths 36 and 64

In the carly phase of data processing, memory path
length (MPL) was set to 36. However, it was later found
that the JPL MCD uses MPL 64. To make certain that the
results already processed are compatible and comparable
to subscquent results, an investigation was conducted to
determine the discrepancy between the performances of
the two values. The investigation reveals that the differ-
ence in performance between these two values appears to
remain within 0.2 dB and is much less at high-bit SNRs.
This finding also assures that the results obtained from
Decep Space Station (DSS) 62 (Ref. 2) are valid for usc in
the MJS flight project design. Note that the decoder used
at the DSS 62 is an off-the-shelf 1LV7015 from LINKABIT,
which employs MPL 36.

The performance of the Viterbi decoding algorithm for
MPLs 36 and 64 was investigated via the Viterbi Decod-
ing Program (Ref. 4), using data generated from another
1108 program. The results are tabulated in Tables 1 and
2 tor values of E,/N, = 234, and 4.3 dB. Figure 2 pro-
vides the plots, E,/N, vs BEP, of the data. For compari-
son, the figure also includes the baseband performance
curves of the JPL functional requirements and of the
prototype MCD acceptance test data at 250 kb/s. The
figure shows that the Viterbi decoding performance of
MPL. 64 is everywhere better than that of MPL 36. This
is especially true for low SNRs. The improvement in the
performance diminishes towards high SNRs. Nonetheless,
the overall improvement appears to be less than 0.2 dB.
Observe that the majority selection performance improves
significantly with MPL.

Figure 3 provides the curve of EFR size R vs proba-
bility that R is exceeded for E;/N, = 3 dB. The curve
reveals that large-sized EFRs have a higher probability to
occur for MPL 64 than for MPL 36.
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IV. Test Results and Discussions

The complete test plan for the project was provided in
Ref. 1. It consisted of 6 series of tests, A through F, with
a total of 33 tests. Series A and B tests had 6 tests each,
1t07, except 5. There were 5 tests in series C, E, and F, and
6 tests in series D. The data rates of the tests ranged from
8 to 2048 b/s and modulation indexes from 37.2 to 75 deg.
And only Block IIT RCVR/SDA type was used in the
test sctup.

Again, the Y-factor method is employed to calibrate
E,/N, to the receiver. Since this type of calibration usu-
ally lacks precision, the data output at the TCP are not
recorded until the system is adjusted so that the SSA
symbol crror rate (SER) printouts are averaged to the
theoretical SER, obtained from a Telemetry Analysis
Program. Consequently, DSN telemetry system perfor-
mance is described here in terms of the E,/N, derived
from the output SSA SER vs BEP of the decoded bits, and
the EFR sample distribution.

Since the SSA SER is only an estimate of the input SER
due to noise in transmission, the derived E,/N, is also an
estimate of the input E,/N, to the receiver.

The test results are now given. The plots of E,/N, vs
BEP for test series A through F are depicted in Fig. 4.
Again, the JPL functional requirements for the MCD and
the prototype MCD acceptance test data at 250 kb/s are
included in the plots. The plots also provide the corre-
sponding system performance curves for majority selec-
tion. Figurc 5 shows the ERF sample distribution plots of
the above tests. The test descriptions and burst error
statistics, including burst rate, average number of errors
per burst, average burst length, average EFR length, and
maximum burst error and burst length, are tabulated in
Table 3. A burst rate is defined as the ratio of the number
of bursts to the number of decoded bits.

In what follows, we shall, for simplicity, call each test
and the data file of each test by only the test name. For
example, test A and the data filc of test A will be referred
to as A.

The results of A1, A2, A3, and A6 satisfied the functional
requirements. The first part of Al, up to bit 780012, was
not included in the plot duc to large burst errors; some
burst lengths were as large as 88, which resulted in as
high a BEP as 5.75 X 10~*. After decoding up to 587608
bits, a burst error of length 50 occurred in A4. This was
the only burst error found in the data file. Test A7 con-
tained 3 EFRs, which ranged from 4.8 X 10° to 7.3 X 10°
bits.

JPL DEEP SPACE NETWORK PROGRESS REPORT 42-33



The results of B, B2, and B6 remained pretty much
within the functional requirements. The early portion of
B2 effected a rather low BEP, as low as 5 X 10-¢, All in
all, B2 was a good file. For B3, a burst of length 36
occurred after bit 1222432; this made the BER of B3 high.
Large burst errors and EFRs tended to occur more
towards the end of B7, otherwise, decoding of B7 pro-
ceeded normally.

Over one million bits were decoded for C1 and C4, and
their BEPs remained within the functional requirements.
No errors were found in C2, within 1.8 million bits. But
two crrors occurred in C3, immediately after bit 106768.
Since E,/N, of C3 was above 6 dB, at least 107 bits were
required to provide a meaningful result; however, C3 had
only 1.4 million bits. The same may be said about C5.
Note that due to large burst errors, the first and last
portions of C5 were not included in the BEP calculation;
the former bursts were as large as 34, and the latter bursts
were even worse, as large as 100. The graph of the EFR
sample distribution of the series C tests is shown in
Fig. 5c¢. Observe that the curves elevate with E,/N.,.

The serics D test results deviated, towards the worse
side, uniformly from the functional requirements, as
much as one or more decibels. Nevertheless, the decoding
of these tests proceeded normally.

Only E1 and E5 were obtained for the series E tests.
It was not possible to get the receiver for E2 in lock, and,
consequently, no data were recorded for this test. Similar
to the series D tests, the results of E1 and E5 were notice-
ably worse than the functional requirements. Note that
E3 contained no decoding errors, and E4 had an unrecog-
nizable bit pattern.

For the series F tests, only F1, F2, and F3 were run.
The results of these tests were also worse than the func-

_ tional requirements. Due to large burst errors, F1-2 was

terminated before an end of file was reached. The de-
coder did not, however, encounter such a difficulty in
F1-1. Similarly, no major difficulty was faced in F2. Also,
no decoding errors were detected in the entire file of F3.

Finally, the following observations may be made about
the EFR sample distribution curves in general:

(1) The depth of each curve indicates the quantity of
EFR, the deeper the greater.

(2) The extent (to the right) of each curve indicates the
size of its EFRs, the farther the larger.

(8) Each transition signifies an EFR.

V. Conclusions

The task undertaken was complicated by many inter-
mediary steps in setting up the test equipment in the
Compatibility Test Area and in processing the test data.
However, the final test results appear to reveal that the
performance of the DSN telemetry system seems to
satisfy the system functional requirements, at least at the
bit rates considered which range from 8 to 2048 b/s and
under the various test conditions prescribed in this report.
System performance degradation of one or more decibels
in actual operations under certain conditions may be
expected, especially at low-bit rates. Also, though the
average burst lengths are generally less than 10, within
our range of analysis, error burst lengths up to 100 may
not be unexpected. Lastly, MCD performance improves
with memory path length. But an improvement of not
more than 0.2 dB may be expected when changing from
memory path length 36 to 64. Also, MCD performance
of best metric selection is almost always better than that
of majority selection.
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(a) TELEMETRY TEST SETUP CONFIGURATION (IN CTA 21)

INPUT Eb/ NO
CALIBRATION

Y~FACTOR SYMBOLS IN OCTAL
RECORDED HERE

SCA uwv RCVR 1 SDA SSA Tce

BER LINE l
(ORIGINAL SYMBOLS)

ESTIMATE SSA SNR
AND SER FOR TEST
MONITORING

(TAPE RECORDING STARTS
WHEN AVERAGE SSA SER
SATISFIES THEORETICAL SER)

(b) TELEMETRY TEST DATA PROCESSING CONFIGURATION (UNIVAC 1108)

3-bit QUANTIZED  BER AND BURST

SYMBOLS GENERATED HERE

OCTAL TO 8- TO 3-bit EFR EER
FIELDATA QUANTIZED VITERBI SAMPLE v
CHARACTER SYMBOL DECODING BSTRIBUTION PROB
CONVERTER f—i CONVERTER t—w{ PROGRAM  [—ef pool SoluON —e (FRR
PROGRAM PROGRAM IS
ASSEMBLY FORTRAN V FORTRAN V MBASIC EXCEEDED)

INPUT Eb/NO IN

THE PLOTS ARE OBTAINED®
FROM SER HERE

Fig. 1. Telemetry test setup and data processing configurations

JPL DEEP SPACE NETWORK PROGRESS REPORT 42-33 119



120

10 L T T T T T T ]
" O FUNCTIONAL REQUIREMENTS
i O JPL PROTOTYPE MCD ’
i ¥ BEST METRIC, PATH LENGTH 64 |
o A BEST METRIC, PATH LENGTH 36
w2F > MAJORITY, PATH LENGTH 64 |
r O MAJORITY, PATH LENGTH 36
>
g w03 7
= i ]
<
[~}
] - i
g
[24 L -
Q
[=4
(RN )
_4 — —
S 07[ ]
Il -
1070 1 ! | | | !
1 2 3 4 5 6 7 8
BIT SIGNAL-TO-NOISE RATIO, dB
Fig. 2. Bit signal-to-noise ratio vs bit error probability
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- D BEST METRIC, PATH LENGTH = 64
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ERROR-FREE RUN SIZE R

Fig. 3. Error-free run size R vs probability that R is exceeded
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Fig. 4. Bit signal-to-noise ratio vs bit error probability for test series A through F
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PROBABILITY THAT R IS EXCEEDED

122

A3 (55°, 4.75 dB)

(a) SERIES A TESTS
(4096 symbols/s)

A6 (67.6°, 4.61 dB)
A7 (75°, 5.48 dB)

Al(55°, 3.75 dB)

A4 (55°, 5.42, dB)

| { A i 1

D1 (55°, 5.04 dB)

(d) SERIES D TESTS
(128 symbols/s)
| !

D2 (55°, 5.49 dB)
D3 (55°, 6.63 dB)
D5 (58.4°, 6,20 dB)

D6 (66.5°, 5.83 dB)

B7 (75°, 5.38 dB)

(b) SERIES B TESTS
(2048 symbols/s)

B3 (55°, 4,94 da)—/' N

(e) SERIES E TESTS
(32 symbols/s)

E1(42°, 3.50 dB)

E5 (45°, 4.56 dB)

(c) SERIES C TESTS
(256 symbols/s)
i -

C5 (67.6°, 5.32 dB) -
o C1(55°, 4,56 dB)

1
\
C4 (42°, 3.96 dB)/ \

C3(55°, 6.32 dB)

L 1 H 1

(f) SERIES F TESTS
(16 symbols/s)
1

\
)
)
1

F1-2 (42°, 3.50 dB)

F1-1(42°, 4.19 dB)

2 3 4

10 10! 10 10 10 10°
ERROR-FREE RUN SIZE R

0 1 2

10 10 10

Fig. 5. Error-free run size R vs probability that R is exceeded for test series A through F
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